Abstract Purpose: Clinical staging does not adequately risk stratify patients with early stage non^small cell lung cancer. We sought to generate a real-time PCR (RT-PCR)^based prognostic model in patients with early stage lung adenocarcinoma, the dominant histology of lung cancer in the United States. Experimental Design: We studied gene expression of 61candidate genes in 107 patients with completely surgically resected lung adenocarcinoma using RT-PCR. We used crossvalidation methods to select and validate a prognostic model based on the expression of a limited number of genes. A risk score was generated based on model coefficients, and survival of patients with high-and low-risk scores were analyzed. Results: We generated a four-gene model based on expression of WNT3a, ERBB3, LCK, and RND3. Risk score predicted mortality better than clinical stage or tumor size (adjusted hazard ratio, 6.7; 95% confidence interval, 1.6-28.9; P = 0.001). Among 70 patients with stage I disease, 5-year overall survival was 87% among patients with low-risk scores, and 38% among patients with high-risk scores (P = 0.0002). Among all patients, 5-year overall survival was 62% and 41%, respectively (P = 0.0054). Disease-free survival was also significantly different among low-and high-risk score patients. Conclusions: This multigene assay predicts overall and disease-free survival significantly better than clinical stage and tumor size in patients with early stage lung adenocarcinoma and performs especially well in patients with stage I disease. Prospective clinical trials are needed to determine whether high-risk patients with stage I disease benefit from adjuvant chemotherapy.
Lung cancer is the most common cause of death in the United
States and worldwide (1) . Despite recent advances, long-term survival remains poor, with no >15% of patients still alive at 5 years after diagnosis. Despite improved understanding of the molecular biology of lung cancer, treatment decisions continue to be guided largely by clinical stage, designated as stages I through IV. Even in the most curable subset of non -small cell lung cancer (NSCLC), stage I disease, 5-year survival averages no >70% (2, 3) . Although recent randomized clinical trials have shown improved survival with the use of postoperative adjuvant chemotherapy in stages II and III NSCLC, they have failed to detect a benefit for adjuvant chemotherapy for patients with stage I disease (4, 5) . However, ongoing efforts to identify prognostic genomic biomarkers for risk stratification and predictive markers of therapeutic benefit offer considerable promise to alter current decision making paradigms.
A number of prognostic biomarkers have been proposed for NSCLC, but none has yet been successfully translated into clinical application (6, 7) . Although several genome-wide expression microarray-based prognostic models of lung cancer have been reported, such array-based technology may be suboptimal for clinical use due to the need for specialized laboratory facilities and complex statistical analyses (8 -12) . Prognostic models based on gene expression of a limited number of genes using quantitative real-time PCR (RT-PCR) may be more clinically practical. RT-PCR, considered the gold standard for measurement of gene expression, is highly reproducible and is relatively simple to analyze (13) . Two recently reported RT-PCR -based prognostic models of lung cancer were able to risk stratify patients with resected NSCLC, although it is unclear whether they predicted outcome better than clinical factors, such as tumor size, and whether prognostic information differed by NSCLC histology (14, 15) .
We set out to generate a prognostic risk score for survival in patients with completely resected lung adenocarcinoma based on genes previously identified in microarray models of prognosis in NSCLC. As different histologic subtypes of NSCLC are known to have different patterns of gene expression, we chose to restrict our study to patients with adenocarcinoma, the dominant histology of NSCLC in the United States. We planned to separately analyze patients with stage I disease, as we hypothesized that risk among these patients would be stratified best by molecular modeling compared with more advanced stage disease. Moreover, patients with stage I disease who are at high risk for recurrence and death may benefit from adjuvant therapies. Finally, we also sought to compare our model to the five-gene prognostic model recently reported by Chen and colleagues (14) .
Materials and Methods
Patients. Between January 1997 and June 2004, 120 patients who had undergone complete surgical resection of lung adenocarcinoma without preoperative chemotherapy or radiation treatment at the University of California San Francisco, and had fresh-frozen tissue banked for genomic analysis, were entered into the study. Eligible patients had undergone surgical resection with curative intent and had adequate mediastinal lymph node staging. Thirteen patients were excluded due to insufficient banked tissue, inadequate RNA quality, or weak expression of housekeeping genes. We did not perform a formal power calculation for this study as our sample size was limited by the availability of banked tissue at our institution and our inclusion criteria, the available sample size was on par with prior molecular marker prognostic studies. Information on clinical variables and patient follow-up were obtained from a prospectively maintained database including all subjects with banked tissue in the study. The primary end point was overall survival (OS). Vital status and date of death was determined by querying the Social Security Death Index using the subject's social security number (available online at Social Security Death Index). 6 Disease-free survival was defined as the time from surgery until radiographic evidence of recurrent disease or time until the last documented physician follow-up visit in the absence of recurrent disease. Patients consented to tissue specimen collection prospectively, and the study was approved by the University of California, San Francisco, institutional review board (CHR# H8714-28880-01).
Gene selection. Of 217 genes identified from previously published microarray and PCR-based studies of prognosis in early stage lung cancer (8, 10, 12, 16 -18) , 76 cancer-related genes were identified by study investigators or by literature review. Fifteen genes were excluded due to nonfunctioning primers or very weak expression in tumor tissue by RT-PCR in a pilot study. The remaining 61 genes are listed in Supplementary table.
Sample preparation and analysis. All tissue was frozen in liquid nitrogen at the time of the operation. Tissue was macrodissected into 1 cm 3 sections that was ground in liquid nitrogen. RNA was extracted using a TriZol (Invitrogen) extraction protocol. Taqman RT-PCR was done on cDNA in 384-well plates using Prism 7900HT machine (Applied Biosystems). The expression of each gene was assayed in triplicate. Samples were compared with commercially available pooled normal lung RNA (Clontech), and normalized to 18S ribosomal rRNA (Applied Biosystems). Detailed methods on sample preparation and analysis are described in Supplementary methods.
Statistical Analysis. The salient features of our data structure are (a) a right censored survival end point (death) with modest event numbers (47-after subsetting to exclude missings); (b) a multitude (61) of predictors as constituted by the (log) gene expression values obtained from real-time quantitative PCR (y-y Cts described elsewhere); and (c) select clinical and demographic covariates. In view of these features and dimensions, the primary data analytic tool we used was L1 penalized Cox proportional hazards regression (19) . This methodology extends the simultaneous coefficient shrinkage and predictor selection that is inherent in L1 penalization (20) , where it has proven highly effective (21, 22) , to the survival data setting. Earlier extensions, largely motivated by microarray gene expression applications, were either computationally prohibitive (23) or reliant on approximation (24) . The tradeoff between model fit, as captured via the Cox partial likelihood, and model complexity [number of included predictors (genes)], as captured via the L1 penalty, is governed by a tuning parameter that weights the contribution of the penalty. Determination of the value of this parameter makes recourse to crossvalidation, as is detailed elsewhere (19, 24) . Briefly, the tuning parameter value that achieves optimal fit, as evaluated over unseen data furnished by the crossvalidation data partitioning approach, is selected. This choice then determines which and how many genes to retain. A risk score was then generated for each subject based on model coefficients. Resultant predicted risk scores were dichotomized (at the median), and corresponding Kaplan-Meier survival curves were displayed and compared via the log-rank statistic. All analyses were conducted using the programming language R (Version 2. 
Results
Clinical and histologic characteristics of patients are listed in Table 1 . We first analyzed the entire data set and subsequently restricted the analysis to stage I patients. Crossvalidation, after forced adjustment for age, tumor size, and stage, supported a model containing four genes, selected in the following order: WNT3A, RND3, LCK, and ERBB3. OS was analyzed using the risk score for the model using these four genes (with L1 shrunken coefficients). After adjusting for patient age, disease stage, and tumor size, the hazard ratio for the risk score as a continuous variable was 6.7 (95% confidence interval, 1.6-28.9; P = 0.005), as listed in Table 2 . Other clinical factors, including sex, smoking status, and race/ethnicity, had weak associations with survival and were not included in the multivariate analysis.
Survival curves for the entire study cohort based on dichotomized risk scores from the four-gene model are presented in Fig. 1 . Corresponding survival curves for dichotomized risk scores among 70 stage I patients are presented in Fig. 2 . Five-year OS was 56% for all patients and 65% for stage I patients. Among all patients, 5-year OS was 62% among lowrisk patients and 41% among high-risk patients (P = 0.0054). Five-year disease-free survival was 60% among low-risk patients and 28% among high-risk patients (P = 0.0053). Among stage I patients, 5-year OS was 87% among low-risk patients and 38% among high-risk patients (P = 0.0002), and disease-free survival was 77% among low-risk patients and 35% among high-risk patients (P = 0.0045).
Applying the 5-gene model of Chen and colleagues (14) to our study population, the hazard ratio adjusted for age, stage, and tumor size was 2.4 (95% confidence interval, 1.3-4.3; P = 0.0047). Among all patients, 5-year OS was 65% among low-risk patients and 43% among high-risk patients (P = 0.045). Among stage I patients, 5-year OS was 80% among low-risk patients and 47% among high risk patients (P = 0.022), Fig. 3 .
Discussion
We identified a risk score based on the gene expression of four genes by quantitative PCR that is prognostic of long-term survival in patients with completely surgically resected lung adenocarcinoma. This gene expression -based score predicted survival (adjusted hazard ratio, 6.7) and disease recurrence better than clinical stage and tumor size. Our model best predicted risk of death among patients with stage I disease. In our crossvalidated cohort, low-and high-risk scores were associated with 5-year OS of 87% and 38% among stage I patients.
We used crossvalidation both for model selection and for model validation. Rather than splitting data into test and validation sets, crossvalidation uses repeated data-splitting to prevent model overfitting and to generate accurate estimates of model coefficients. Crossvalidation is operationally equivalent to data splitting with respect to generation of validated model coefficients, but it uses data more efficiently than simple data splitting, making it a compelling statistical technique for both model selection and validation (26) .
This prognostic model may have important clinical implications, as a tool to complement clinical staging in risk-stratifying patients with stage I lung adenocarcinoma. The current standard of care for patients with stage I NSCLC is surgical resection alone, typically lobectomy. Identifying patients with stage I NSCLC who are at high risk for disease recurrence from clinically undetectable micrometastases may provide the basis for further study of adjuvant chemotherapy or targeted therapies in this patient population. Conversely, postresection patients at low risk for recurrence may be best served by observation alone, and may even be candidates for less radical lung resection. Because our findings relate to prognostic value only, prospective clinical trials will be needed to evaluate whether high-risk stage I patients identified by this assay benefit from adjuvant chemotherapy, i.e., to determine the predictive value of this assay.
The genes included in this model have been previously implicated in cancer biology. Two of the genes, ERBB3 (v-erb-b2 erythroblastic leukemia vial oncogene homologue 3) and LCK (lymphocyte-specific protein tyrosine kinase), overlap with the previously published five-gene RT-PCR model of Chen et al. (14) in resected NSCLC. ERBB3, a receptor tyrosine kinase, has been associated with an increased risk of distant metastases in patients with early stage NSCLC (27) . LCK, also a tyrosine kinase, is involved in regulating apoptosis and regulation of chemotaxis in lymphoma (28) . Wnt3a (wingless-type mouse mammary tumor virus integration site family, member 3a), a protooncogene that activates the Wnt pathway, is a critical pathway in lung carcinogenesis and progression (29) . RND3 (Rho family GTPase 3) is a tumor suppressor with an important role in the regulation of cell proliferation and is down-regulated in prostate cancer development (30) . As previously mentioned, the initial 76 study genes were all cancer-related genes. This selection was necessary to make the study feasible. This may be viewed as a limitation in that novel cancer genes may have been excluded. However, selection based on gene function adds biological plausibility to the gene selection and may decrease the probability of selecting genes that do not have a true prognostic association.
In our patient population, the prognostic value of our model compares favorably to that of Chen and colleagues (14) . There are several possible explanations for this finding. First, our model was fit using our data, which raises the concern that model performance was artificially superior to that of Chen and colleagues (14) . Yet the use of crossvalidation should greatly reduce or eliminate model ''overfitting'' and should allow relatively unbiased comparison of models. Next, candidate genes for our model were selected based on previously published genome-wide expression microarray studies (8 -12, 16, 31) , whereas genes in the Chen model were selected from a more limited custom expression array platform. Additionally, a relatively large set of genes were assessed by RT-PCR before finalizing our gene model. Moreover, our patient follow-up time was relatively long, with a minimum follow-up period of 3 years and a median follow-up of 61 months. This factor may have allowed us to more accurately detect differences in survival between risk groups. We did not test the three-gene model recently reported by Lau and colleagues (15) in our samples, as our study was completed before that data were reported. Nevertheless, the survival curves and adjusted hazard ratio for death from this study compare favorably to Lau's model, especially in stage I patients. Direct comparison in an independent set of samples is necessary.
We also did not directly compare our RT-PCR -based model with any microarray-based study. A limited RT-PCR -based model has the advantage of being more reproducible and more feasible in the clinical setting than microarray-based models. We found that hardly any genes identified as being prognostic of survival in previously published microarray-based studies of lung cancer overlapped between studies. This implies that many genes may predict outcome in parallel. We sought to identify Fig. 2 . A, Kaplan-Meier curves comparing OS among stage I patients with low-and high-risk scores using the four-gene prognostic model. B, Kaplan-Meier curves comparing disease-free survival among stage I patients with low-and high-risk scores. Fig. 3 . Kaplan-Meier curves comparing stage I patients with low-and high-risk scores using the 5-gene model published by Chen and colleagues (14) .
the sparsest model that still had excellent prognostic discrimination. Independent studies comparing our model to other genomic-based prognostic models in patients with early stage lung adenocarcinoma are needed.
Our study has several limitations. First, we used tumor tissue frozen in liquid nitrogen at the time of surgical resection so as to extract RNA of the highest quality for measurement of gene expression. Although the use of fresh-frozen tissue maximized the internal validity of expression levels, whether our results are generalizable to formalin-fixed tissue and cytology specimens remains to be determined. A pilot study comparing our multigene assay on formalin-fixed tissue specimens from subjects of this study to the assay results on fresh-frozen tissue is currently under way. In addition, we relied on macrodissection of tumor tissue by one of the study investigators. Whereas tumor samples were reviewed by a pathologist before tissue banking, the specific piece of tumor used for RNA extraction was not. Nonetheless, in our experience, it is extremely rare for macrodissection of banked tissue to yield tumor tissue sections with <70% tumor cells.
Next, although the sample size in this study was comparable with other recently published prognostic genomic models, we plan to prospectively study the expression of these four genes in a larger cohort of stage I patients so that multiple strata of risk can be more accurately estimated based on risk score.
Finally, this study was limited to patients with adenocarcinoma. We chose to restrict our study to this histologic subtype to minimize heterogeneity because histologic subtypes of NSCLC are associated with different molecular profiles and because adenocarcinoma has become the dominant NSCLC histology in the United States over the last 25 years (28). As tumor biology differs not only by histology, but also by clinical features such as ethnicity and smoking status, it is possible that the risk stratification capability of prognostic genomic models will vary by clinical subgroup. Although we addressed this issue in part by restricting our subjects to adenocarcinoma histology, our sample size was too small to have a meaningful assessment of the effect of ethnicity and smoking status on model accuracy.
We found that our model performed better than clinical variables known to be important for risk, including clinical stage, tumor size, and patient age. A clinical/pathologic risk score for early stage NSCLC, incorporating clinical and pathologic variables commonly collected, is needed as a benchmark for genomic models of outcome. A genomic-based model that does not predict long-term survival more accurately than clinical factors is unlikely to be useful in clinical practice. Ultimately, an independent comparison of RT-PCR -based models, microarray-based models, and such a clinical/pathologic risk model is needed.
Ideally, a prognostic tool should provide accurate risk stratification, should be clinically feasible to use in day-to-day practice, and should be cost effective. Such an assay would be of particular benefit to patients with surgically resected stage I NSCLC. The current standard of care for stage I NSCLC is lobectomy and mediastinal lymph node dissection, without adjuvant chemotherapy. Better identification of good prognosis patient subsets might allow lesser surgical procedures to be used with equal survival potential. Conversely, stage I subsets with a poor prognosis could be selected for inclusion into clinical trials testing novel approaches and new therapeutic agents. Considering the current limitations of chemotherapy in stage I disease, a bioassay that is both prognostic and predictive of chemotherapy benefit would be especially beneficial. Lastly, stage I NSCLC is likely to be of increasing importance in the future. Although f20% of patients currently diagnosed with NSCLC are stage I, this proportion probably will grow due to the recent advent of lung cancer screening by computerized tomography (32) . 
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